The genomes of positive-strand RNA viruses undergo conformational shifts that complicate efforts to equate structures with function. We have initiated a detailed analysis of secondary and tertiary elements within the 3 end of Turnip crinkle virus (TCV) that are required for viral accumulation in vivo. MPGAfold, a massively parallel genetic algorithm, suggested the presence of five hairpins (H4a, H4b, and previously identified hairpins H4, H5, and Pr) and one H-type pseudoknot (⌿ 3 ) within the 3-terminal 194 nucleotides (nt). In vivo compensatory mutagenesis analyses confirmed the existence of H4a, H4b, ⌿ 3 and a second pseudoknot (⌿ 2 ) previously identified in a TCV satellite RNA. In-line structure probing of the 194-nt fragment supported the coexistence of H4, H4a, H4b, ⌿ 3 and a pseudoknot that connects H5 and the 3 end (⌿ 1 ). Stepwise replacements of TCV elements with the comparable elements from Cardamine chlorotic fleck virus indicated that the complete 142-nt 3 end, and subsets containing ⌿ 3 , H4a, and H4b or ⌿ 3 , H4a, H4b, H5, and ⌿ 2 , form functional domains for virus accumulation in vivo. A new 3-D molecular modeling protocol (RNA2D3D) predicted that H4a, H4b, H5, ⌿ 3 , and ⌿ 2 are capable of simultaneous existence and bears some resemblance to a tRNA. The related Japanese iris necrotic ring virus does not have comparable domains. These results provide a framework for determining how interconnected elements participate in processes that require 3 untranslated region sequences such as translation and replication.
Replication of plus-strand RNA viruses initially requires translation of the genomic RNA to produce the virus-encoded, RNA-dependent RNA polymerase (RdRp) and any auxiliary viral proteins necessary for transcription. In a process that is poorly defined but likely dictated by viral and/or cellular factors, translation is terminated and the genomic RNA becomes available for reiterative synthesis of complementary strands, a process that requires membrane association (1, 2, 26) . For some viruses, subsequent viral plus-strand synthesis occurs in virus-specific membrane invaginations known as spherules, which contain a limited number of minus-sense genomes and whose formation is induced by specific viral proteins (1, 15, 26) . Although the process of producing viral progeny has been extensively studied using many different viral systems, it remains poorly understood. For example, fundamental questions, such as the role that conformational shifts in RNA structure play in switching the template from translation to replication, the proteins required to enact such events, and if cis-acting core promoters, enhancers, and repressors are organized into functional, interacting modules, remain virtually unanswered.
Recent reports that portions of RNA viral genomes undergo conformational shifts to execute different functions (10, 13, 21, 28) complicate efforts to assign biological roles to groups of cis-acting elements that may not structurally coexist. The ability of viral RNAs to assume multiple conformations combined with evidence that newly synthesized plus strands may assume forms that suppress transcription (43) supports the "stamping model" hypothesis for viral replication. This model, based on the distribution of mutants arising from single bursts in the RNA bacteriophage 6, suggests that most progeny plus strands are derived from minus strands synthesized from the original entering plus-strand genome (6) . This increasingly complex image of RNA virus replication is requiring a reevaluation of conclusions reached using reductionist, cell-free approaches, where RNA elements are isolated from other cisacting sequences with which they may normally communicate or form functional domains.
To gain a more accurate picture of the replication process and the switch between translation and replication, more complete secondary and tertiary structural maps of regions containing elements engaged in these activities must be developed, followed by a determination of which elements coexist in functional domains. Turnip crinkle virus (TCV), a member of the genus Carmovirus in the family Tombusviridae, is well suited for this analysis. TCV contains a small (4054-nucleotide [nt]), single genomic RNA that encodes five proteins involved in replication (p28 and p88), movement (p8 and p9), and encapsidation/suppression of RNA silencing (coat protein [CP]) ( Fig. 1A) (11, 25) . TCV participates in a mutualistic association with a dispensable, untranslated satellite RNA (satC; 356 nt) that contains 151 nt derived from the TCV 3Ј region (34) . This portion of satC assumes alternative conformations when transcriptionally active or inactive, mediated by an element shared with TCV known as the derepressor (DR) (43) . The 5Ј ends of TCV genomic RNA and satC are not capped, and the 3Ј termini do not contain poly(A) tails or terminally located tRNA-like structures. As with other members of the Tombusviridae, TCV has a 3Ј untranslated region (UTR) that contains a translational enhancer that requires the presence of its 5Ј
UTR for high-level activity (24, 41) . While the precise location of the translational enhancer has not been reported, it is located within a region that likely overlaps with sequences required for initiation of minus-strand synthesis. This region is downstream of the mapped 3Ј translational enhancer of car-FIG. 1. Genomic organization and 3Ј UTR RNA structures in TCV. (A) TCV genomic and subgenomic RNAs encode proteins involved in replication (p28 and p88), movement (p8 and p9), and encapsidation/RNA silencing suppression (CP). Carmoviruses CCFV and JINRV have similar genomic arrangements, but open reading frames have not been analyzed. (B) Structure of the 3Ј-terminal regions of TCV (left) and CCFV (Blue Lake strain) (right). H5 and Pr hairpins are conserved in nearly all carmoviruses. ⌿ 1 is also conserved among carmoviruses and was previously shown to exist for TCV in vivo (46) . H4a, H4b, and ⌿ 3 in TCV were predicted by MPGAfold. ⌿ 2 forms in the preactive structure of satC (44) . Mutations constructed to examine the existence of these elements in TCV and their numeric designations are shown. Base differences found in the CCFV Clear Lake strain are circled. Putative CCFV elements are designated according to analogous structures in TCV. (C) Accumulation of mutant TCV in protoplasts at 40 hpi. All values were averages from at least three experiments. Standard deviation bars are indicated.
movirus Hibiscus chlorotic ringspot virus (HCRSV), which contains an important 6-nt element missing from the 3Ј UTR of TCV (14) .
The 3Ј UTRs of TCV and all carmoviruses, with the exception of Galinsoga mosaic virus, contain a very stable 3Ј-terminal hairpin (Pr) that has been tentatively identified as the core promoter for minus-strand synthesis based on analysis of the comparable hairpin in satC (Fig. 1B) (35, 36) Directly upstream of all carmoviral Pr hairpins is a structurally conserved and critically important hairpin (H5), which is proposed to function as an RdRp chaperone in TCV (19) and is similar to the SL3 hairpin in tombusviruses (23) . The 3Ј side of the H5 large symmetrical internal loop (LSL) forms an RNA-RNA interaction with bases at the 3Ј terminus (termed ⌿ 1 ) that is important for efficient TCV accumulation in vivo (46) and is present throughout the Tombusviridae (Fig. 1B and C) (20, 22, 46) . A third hairpin in the 3Ј UTR, H4, is also critical for TCV accumulation in vivo, and fragments containing H4 and adjacent adenylates can enhance transcription and bind RdRp in both orientations in vitro (36) . Curiously, Li and Wong (17) reported that virtually the entire TCV 3Ј UTR, including H4 and H5, is dispensable for viral accumulation in Arabidopsis protoplasts but not Hibiscus protoplasts. This study contradicts previous reports on TCV using Arabidopsis or turnip protoplasts (4, 19, 46) and reports on related viruses (22) .
To investigate these contradictory results and begin assigning known and newly discovered elements into functional coexisting domains within the TCV 3Ј UTR, we have initiated a comprehensive evaluation of structures in TCV based on those previously found in satC and/or predicted by the massively parallel genetic algorithm MPGAfold (29, 32) . In vitro structure mapping using in-line probing and/or in vivo compensatory mutation analyses confirmed the importance of two additional juxtaposed hairpins, H4a and H4b, as well as an H-type pseudoknot predicted by MPGAfold and a second pseudoknot previously found in the preactive structure of satC (45) .
Stepwise replacements of subsets of elements with the comparable elements from the related carmovirus Cardamine chlorotic fleck virus (CCFV) indicated several regions with interacting elements, including a 100-nt region encompassed by two pseudoknots and containing H4a, H4b, and H5. This 100-nt domain was subjected to the new 3-D molecular modeling protocol RNA2D3D (18, 40) , which predicted that the elements are capable of simultaneous existence, and folds into a highly stable structural unit that bears some resemblance to a tRNA. These results are not consistent with the study by Li and Wong and provide a framework for determining how interconnected elements participate in the mutually exclusive processes of translation and replication.
MATERIALS AND METHODS
MPGAfold analysis of the TCV 3 UTR. MPGAfold (the massively parallel genetic algorithm for RNA folding) was used to generate the secondary structure predictions for a portion of the TCV 3Ј UTR sequences (positions 3839 to 4054). The algorithm has been previously described (29, 32) . MPGAfold results were analyzed using the RNA/DNA structure analysis workbench StructureLab (30, 31) . Stem Trace (12), a component of StructureLab, was used to depict the results of 20 MPGAfold runs of the TCV 3Ј UTR population.
Construction of TCV mutants. All mutants were constructed by oligonucleotide-mediated, site-directed mutagenesis. The parental TCV clone for most element replacements was TCV-TSNL5, which contains the full-length TCV sequence (the Massachusetts strain) downstream from a T7 RNA polymerase promoter. The TCV sequence in TCV-TSNL5 was modified from the wild-type (wt) TCV by insertion of "CGU" just downstream from position 4014 in Link1 (the linker sequence between H5 and Pr), creating a SnaBI site to permit ease of cloning. All mutants were subjected to sequencing to confirm alterations.
Protoplast preparation, inoculation, and RNA gel blots. TCV constructs were digested with SmaI and in vitro transcribed using T7 RNA polymerase, producing full-length viral RNA with exact 5Ј and 3Ј ends. Protoplasts were generated by digestion of callus derived from Arabidopsis thaliana ecotype Col-0 seeds with cellulase and pectinase as previously described (45) . Twenty micrograms of genomic TCV RNA was inoculated onto protoplasts using polyethylene glycol (45) . Total RNA was extracted at 40 h postinoculation (hpi), subjected to electrophoresis, and transferred to a nitrocellulose membrane, and viral genomic RNA was detected using a complementary 32 P-labeled oligonucleotide. Blots were stripped and then reprobed with a fragment complementary to the ribosomal RNAs. Data were quantified using Quantity One software (Bio-Rad Laboratories), and viral genomic RNA levels were normalized to levels of rRNA.
Inoculation of turnip seedlings and extraction of viral progeny RNA. Mutant and wt TCV plasmids were digested with SmaI, and transcripts were synthesized in vitro using T7 RNA polymerase. Twelve micrograms of transcripts was mixed with infection buffer and inoculated onto turnip (cv. Just Right) seedlings, and total RNA was extracted 20 days later as previously described (4) . Viral RNAs were cloned by reverse transcription-PCR and sequenced.
In-line structural probing. In-line probing was performed essentially as previously described (39) . Briefly, RNA fragments synthesized using T7 RNA polymerase were 3Ј end labeled using T4 RNA ligase (Ambion) and [␣- 32 P]pCp or 5Ј end labeled using [␥- 32 P]ATP and polynucleotide kinase. Fragments were purified by polyacrylamide gel electrophoresis, heated to 75°C, and allowed to slow cool over 2 h to room temperature. RNAs were then incubated at room temperature for 14 h in 50 mM Tris-HCl (pH 8.5) and 20 mM MgCl 2 . Reactions were ethanol precipitated, heated at 95°C for 5 min, and subjected to electrophoresis through 8% and 20% sequencing-length denaturing polyacrylamide gels. RNA cleavage ladders were generated by incubating end-labeled RNA in a reaction mix containing 1 g of yeast tRNA, 50 mM NaHCO 3 /Na 2 CO 3 (pH 9.2), and 1 mM EDTA for 5 min at 95°C. RNase T 1 digests were carried out by incubating 5 pmol of partially denatured labeled RNA in 1 g of yeast tRNA, 20 mM sodium citrate (pH 5), 1 mM EDTA, 7 M urea, and 1 U RNase T 1 for 15 min at room temperature.
RNA 3-D structure prediction and analysis. RNA2D3D uses constraints obtained from standard A-form helices to obtain a 3-D structure by embedding the 3-D nucleotides into a planar secondary structure and ultimately winding the structure. The sequence and secondary structure of the TCV 3Ј UTR including ⌿ 2 and ⌿ 3 were presented to RNA2D3D to produce initial 3-D computational models. Each of the models was subjected to extensive molecular modeling protocols including manual adjustments and refinements of the structural models, followed by mechanics minimization and molecular dynamics (MD) equilibrations (18, 33, 40) . The manual adjustments included rotation and repositioning of the helical segments, strands, and individual bases. The H5 helix GAAA tetraloop with its closing base pair was spliced in from the Protein Data Bank entry 1F9L's equivalent fragment. This splicing, as well as the alignment of motifs with known RNA structural motifs, was performed with DSViewer Pro. All simulations were performed using the ff99 Cornell force field for RNA (38) , which is a reliable and refined force field for nucleic acids, and using the MD software Amber 9.0 (5). MD simulations were performed using explicit water molecules and ions. Particle-mesh Ewald summation was used to calculate the electrostatic interactions (9) . The nonbonded interactions were truncated at 9 Å. For a 100-base TCV molecule subjected to MD simulation, 99 Na ϩ counterions and 63 Na ϩ /Cl Ϫ pairs were used with 28,075 TIP3P water molecules to solvate the RNA molecule to a 0.1-mol/liter relative salt concentration. The final box dimensions were 106 Å by 112 Å by 88 Å, and the total system consisted of 87,666 atoms. The system was minimized by constraining the solute and then the solvent and was then heated to 300 K, constraining the RNA. Equilibration was performed in multiple stages by slowly releasing the constraints. SHAKE was applied to all hydrogen bonds in the system. Pressure was maintained at 1.0 Pa using the Berendsen algorithm (3), and a periodic boundary condition was imposed. A production simulation was performed for 50 ns with a 2-fs time step. SGI Altix and SGI Origin computers utilizing 8 to 12 processors were used to perform all simulations. Analysis of the MD results, excluding the equilibration stage, was performed using the PTRAJ module of the Amber 9.0 package.
RESULTS
The 194-nt 3-terminal region of TCV contains five hairpins and three pseudoknots. MPGAfold, a massively parallel genetic algorithm that predicts secondary and limited tertiary RNA structures (H-type pseudoknots) (29, 32) was used to identity potential structural elements within the 3Ј-terminal region of TCV (positions 3860 to 4054) that might contribute to replication and/or translational enhancement (Fig. 1B) . MPGAfold predicted the presence of previously identified hairpins H4, H5, and Pr, along with two additional juxtaposed hairpins (H4a and H4b) located just upstream of H5. In addition to these hairpins, MPGAfold predicted a possible H-type pseudoknot between 5 nt in the loop of H4a and the upstream flanking sequence, labeled ⌿ 3 (Fig. 1B) . Sequences that form an important satC pseudoknot (⌿ 2 ) connecting the H4b loop sequence (5Ј-UGGA) with sequences flanking the 3Ј side of H5 (3Ј-GCCU) (45) are also conserved in TCV.
A compensatory mutagenesis approach was used to assess the presence of H4a, H4b, ⌿ 2 , and ⌿ 3 . For H4a, two putative adjacent base pairs in the stem, A ⅐ U/G ⅐ C, were converted to two sets of mismatched pairs (
) and the putative compensatory exchanges U ⅐ A/C ⅐ G (m53 plus m54) (Fig. 1B ). m53 and m54 accumulated to 20% and 10% of the wt activity, respectively, while the compensatory m53 plus m54 regained 71% of the wt activity (Fig. 1C) . H4b was subjected to a similar analysis, with two consecutive base pairs near the base of the stem (
, and the putative compensatory C ⅐ G/G ⅐ C (m51ϩm52). Mutations in the H4b stem were less detrimental than those in the H4a stem, with single-side alterations accumulating to approximately 30% of the wt levels. The alterations together (m51 plus m52) were compensatory, with virus accumulating to 76% of the wt levels (Fig. 1C) . These results confirm the presence of H4a and H4b in TCV and also suggest that these hairpins are necessary but may not be critical for TCV accumulation.
Two sets of single compensatory alterations were used to assess the presence of ⌿ 3 (Fig. 1B) . TCV containing G3913C (m26) upstream of H4a or C3922G (m27) in the H4a loop accumulated to barely detectable levels in Arabidopsis protoplasts, whereas virus containing both mutations (m26ϩm27) predicted to reform ⌿ 3 accumulated to 55% of the wt levels (Fig. 1C) . The second pair of mutations, G3912U (m40) and U3923G (m41), individually reduced TCV levels to 11% and 16% of the wt levels, respectively, while TCV containing both mutations (m40ϩm41) accumulated slightly more than the single mutants (22% of the wt levels). These results support the presence of ⌿ 3 in TCV and also suggest that efficient biological function is sequence dependent.
Two sets of compensatory mutations were generated to determine if ⌿ 2 exists in TCV (Fig. 1B) . Converting a G to a C at position 3947 in the H4b loop (G3947C; m46) or a C to G in its putative partner at the base of H5 (C4007G; m47) reduced TCV accumulation in protoplasts to 31 and 34% of that of the wt, respectively (Fig. 1C) . Together, the mutations (m46ϩm47) had a compensatory effect, with mutant TCV accumulating to 80% of that of the wt (Fig. 1C) . Alteration of H4b loop position G3946C (m44) was less deleterious to TCV accumulation (50% of that of the wt), possibly due to a threebase-pair ⌿ 2 interaction that can exist if pairing with the sequence at the base of H5 is shifted 1 nt downstream. Altering the putative partner residue at the base of H5 (C4008G; m45) reduced accumulation fivefold, while both alterations improved TCV accumulation to 58% of that of the wt. These results support the existence of ⌿ 2 in TCV.
At least four hairpins and two pseudoknots coexist in a 3-terminal fragment of TCV. In-line probing (39) was used to analyze which computer-predicted and genetically confirmed hairpins and pseudoknots coexist in an in vitro-synthesized fragment (F4) containing the 3Ј-terminal region (positions 3860 to 4054). In-line probing reports on the spontaneous cleavage of the RNA backbone mediated by 2Ј hydroxyl that are geometrically in-line with oxyanion leaving groups on backbone phosphates. Such in-line geometry occurs primarily in nonstructured regions of RNA, where nucleotides are not torsionally constrained by hydrogen bond pairings (39) .
Bases susceptible to in-line cleavage in fragment F4 were located predominantly in proposed internal and terminal loop regions in the MPGAfold-predicted structure (Fig. 2) . Most of the residues in the linker between H4 and H4a and H5 and Pr were susceptible to various amounts of cleavage, suggesting they are not substantially participating in a higher-order structure within the fragment. Residues more strongly susceptible to in-line cleavage were located in the terminal and internal loops of H4, the short linker sequence between H4b and H5 (Link2), the linker between H5 and Pr (Link1), the cytidylate at position 3994 in the LSL of H5, and the cytidylate at the 3Ј base of H5 (position 4005). Most residues predicted by MPGAfold to participate in ⌿ 3 were protected from cleavage, as were the stems of H4a and H4b, with the exception of C3960 at the base of H4b. Most of the residues in the terminal loop of H4b were slightly susceptible to cleavage, including residues that participate in ⌿ 2 . The ⌿ 2 partner residues downstream of H5 also displayed low-level cleavages; thus, ⌿ 2 cannot be confirmed as occurring in this fragment. The H5 LSL was consistent with a structure that participates in ⌿ 1 . However, six residues (positions 3964 to 3969) located in the 5Ј side of the lower stem of H5 were reproducibly susceptible to moderate levels of cleavage, suggesting that the entire phylogenetically conserved H5 structure (42) may not exist in this fragment. In the Pr region, five residues at the 5Ј base of the stem were not protected from cleavage, suggesting that the lower portion of the stem is also not paired in this conformation. Interestingly, enzymatic and base modification probing of the biologically relevant preactive structure of full-length satC similarly indicated that the phylogenetically conserved structure of H5 was not present and that residues at the 5Ј base of the Pr stem were unpaired (43, 46) .
The three guanylates that participate in ⌿ 1 within the H5 LSL were protected from cleavage, suggesting that ⌿ 1 is present. To gain support for the existence of this pseudoknot in the fragment, F4 containing a three-base alteration at the 3Ј terminus (CCC to AAA; m18) that should disrupt ⌿ 1 was also subjected to in-line probing. The cleavage patterns of mutant F4-m18 and wt F4 were identical in the regions upstream and downstream of H5 (Fig. 2) . The structure of H5, however, differed significantly as follows: (i) most residues on the 5Ј side of the LSL were more susceptible to cleavage, (ii) residues on the 3Ј side of the LSL that normally participate in ⌿ 1 were
In-line newly susceptible to cleavage, and (iii) the strong cleavage site at C4005 (the 3Ј base of H5) was absent. Since elimination of ⌿ 1 uniquely affected the structure of H5, particularly within the LSL region, ⌿ 1 is likely present in F4. Taken together with our previous findings, the structural probing data and/or genetic data support the existence of five hairpins and three pseudoknots in the 3Ј UTR of TCV, with the conformation of the F4 fragment likely containing H4, H4a, H4b, portions of H5 and Pr, ⌿ 3 , and ⌿ 1 . CCFV 3 UTR contains sequences capable of forming TCVlike hairpins and pseudoknots. CCFV is the most closely related carmovirus to TCV, with 66% pairwise similarity across the genome (65% in the 3Ј UTR). Using a combination of mFold and manual building of structural elements based on the TCV model (Fig. 1B) , the existence of similar hairpins and pseudoknots in the CCFV 3Ј region is proposed (Fig. 1B) . The CCFV Pr is similar to that of TCV, with 8 consecutive guanylates (compared with 10 for TCV), 10 possible paired bases (1 less than that of TCV), and an identical sequence in the terminal loop. The CCFV H5 differs from that of TCV by incorporating a different stable tetraloop, a smaller LSL, and an additional non-Watson-Crick pair or bases in the lower symmetrical loop. As with other carmoviruses, CCFV 3Ј-terminal bases are complementary to the sequence in the 3Ј side of the H5 LSL, which is necessary for formation of ⌿ 1 . The existence of H4b is strongly suggested, as multiple covariant bases that maintain the structure are found in a second CCFV isolate (Fig. 1B) . CCFV H4b shares five identical residues in its terminal loop with TCV H4b (UGGAA), whereas the CCFV H4b stem is proposed to contain a single bulged base. The putative CCFV ⌿ 2 differs from TCV ⌿ 2 by having only three possible Watson-Crick base pairs beginning 1 nt downstream of H5. ⌿ 3 base pairing predicted between the loop of H4a and the upstream sequences also appears less stable than the comparable pseudoknot in TCV, with one less Watson-Crick pair. A portion of the H4a loop sequence, but not the stem, is conserved between CCFV and TCV (UCCGUCC and ACUGUCUA, respectively).
The 3-terminal 142 nt of CCFV and various encompassed regions form cooperative modules. To determine if the structurally similar 3Ј end of CCFV can substitute for the analogous region in TCV, the elements from ⌿ 3 to the 3Ј end (positions 3909 to 4054) in TCV were replaced with the equivalent region from CCFV (positions 3930 to 4072). TCV with the 3Ј end of CCFV (3ЈCCFV) accumulated to TCV-TSNL5 levels (the parental construct for generation of the chimeric viruses) in protoplasts (Fig. 3B) , indicating that this CCFV fragment is compatible with the remaining TCV cis-or trans-acting factors required for replication and/or translation. To determine if substitution of individual elements allows for efficient viral accumulation, TCV hairpins H4a, H4b, H5, and Pr or the linker between H5 and Pr (Link1) were replaced with the analogous hairpins and the linker region from CCFV. TCV with the H4a of CCFV (CH4a), which maintains four of five ⌿ 3 base pairings (Fig. 3A) , accumulated to only 21% of the TCV-TSNL5 levels (Fig. 3B) , similar to the level of virus accumulating with a disrupted H4a (m53ϩm54, Fig. 1 ). TCV with CCFV H4b (CH4b), which would maintain a TCV-like ⌿ 2 , accumulated to 62% of that of the wt TCV, indicating that the sequence differences in the stem and asymmetric bulge in CCFV H4b had a moderate effect on its activity. To determine if H4b requires association with its 3Ј flanking linker sequence (Link2) for a more efficient function, CH4b was altered to also contain Link2. The addition of Link2 (CH4b/CLink2) had no significant effect on the accumulation of CH4b (Fig. 3B) , suggesting that other factors decrease the efficiency of TCV accumulation when associated with CCFV H4b.
Replacement of TCV H5 with CCFV H5 (CH5) could putatively retain the important ⌿ 1 interaction, though it may contain an additional A ⅐ U pair and substitute a weaker G ⅐ U pair for a G ⅐ C pair (Fig. 3A) . The presence of CCFV H5 reduced TCV accumulation to 14% of that of the wt (Fig. 3B) , indicating that the differences between the hairpins significantly reduced TCV viability in the absence of additional surrounding sequences. In contrast, substitution of the highly related CCFV Pr for the TCV Pr (CPr) had no significant effect on chimeric TCV accumulation in protoplasts (Fig. 3B) . This latter result is in contrast to an earlier evaluation of this construct, which suggested a more substantial effect on TCV accumulation (46) . The reason for the discrepancy between these two sets of data is not known. However, support for the more recent data was obtained when CPr was independently retested in triplicate and found to accumulate at 76% of the wt levels (data not shown). Replacement of the TCV Link1 sequence with the comparable region of CCFV (CLink1) reduced virus levels by 39%, which may reflect the altered location and sequence forming ⌿ 2 (Fig. 3) . All together, these results indicate that (i) the complete CCFV 3Ј end is fully functional when replacing the analogous TCV segment and (ii) individual elements are not as viable when associated with surrounding TCV sequences.
To determine if substitution of multiple CCFV elements can enhance the function of individual elements, combinations of hairpins and linking sequences were substituted for the analogous regions in TCV. Recent studies replacing H4a and H4b of satC with those of CCFV revealed that satC accumulated to higher levels when both hairpins originated from the same virus (45) . To determine if a similar compensatory effect exists in TCV, H4a and H4b from CCFV were substituted for the analogous hairpins in TCV. CH4a/CH4b accumulated to 46% of TCV levels, a 2.2-fold improvement in comparison to the substitution of H4a alone (Fig. 3B) . This suggests that a relawt F4 and F4-m18. The large black arrow denotes the location of C3994, which is strongly susceptible to in-line cleavage. This susceptibility to in-line cleavage was also predicted by MD simulations (see text and (CH4a/CH5, with TCV H4b and Link2 sequences unchanged) or the entire region from H4a through H5 (CH4a3CH5) (Fig.  3B) . However, when three single-base substitutions just upstream and downstream of H4a and H5 were included in the latter construct (C⌿ 3 3C⌿ 2 ), accumulation was enhanced to 65% of the wt levels. The single-nucleotide substitution near the base of H4a is located just downstream of the ⌿ 3 -interacting sequence and within the DR element (CGGUGG; the underlined residue was replaced with the CCFV cytidylate), which is required for the conformational shift from the preactive to active structure in satC (43) . The two substitutions downstream of H5 are in the sequence that forms ⌿ 2 (Fig. 3A) . When the CCFV DR residue was combined with substitutions of H4a and H4b (C⌿ 3 3CH4b), chimeric TCV accumulation was also enhanced over the substitution of just H4a and H4b, reaching greater levels than those of parental TCV (Fig. 3B) . These results suggest that a 100-nt region encompassing ⌿ 3 3⌿ 2 forms a functional domain, and subsets of the included elements, especially ⌿ 3 3H4b, also perform more efficiently when associated with cognate sequences.
CCFV H5 and Pr do not form a fully functional domain in TCV.
A recent report suggested that TCV H5 could replace H5 of HCRSV RNA if the substitution included the TCV Pr (37) . HCRSV, however, does not form discernible H4a or H4b, and thus, exchanges that are tolerated by HCRSV may not be similarly tolerated by TCV. To examine the possible association of elements in the region from H5 to the 3Ј end, TCV constructs were generated containing CCFV Link1 and either H5 or Pr (CH5/CLink1; CLink1/CPr), H5 and Pr (CH5/CPr), and the sequence from H5 to the 3Ј end (CH533Ј end). CH5/CLink1 and CLink1/CPr accumulated less than the replacement of the hairpins alone (8% and 34% of that of the wt), indicating that hairpin function was not improved by association with flanking cognate linker sequences. CH5/CPr accumulation was low (23% of that of the wt), but was nearly twofold higher than the substitution of just H5, suggesting that a weak association between H5 and Pr may exist. The addition of Link1 and the 3Ј tail sequence to this combination (CH533Ј end), however, did not permit the virus to accumulate to detectable levels. These results suggest that, in contrast with the results of Wang and Wong (37) , where substitution of TCV H5 and Pr resulted in wt levels of chimeric HCRSV, the H5 and Pr of CCFV do not lead to robust accumulation in a TCV background in the presence or absence of Link1 and the singlestranded tail. Since 3ЈCCFV was as viable as that of wt TCV, these results also indicate that the function of the CCFV H533Ј end requires the cognate ⌿ 3 3H4b. However, since the combination of CCFV ⌿ 3 3H4b and TCV H533Ј end was fully functional, the presence of the TCV H533Ј end region eliminates sensitivity to the origin of the upstream ⌿ 3 3H4b unit. The reason for the different outcomes of the reciprocal exchanges of the ⌿ 3 3H4b and H533Ј end regions is not known.
The region encompassed by ⌿ 2 and ⌿ 3 is predicted to form a stable structure that bears some resemblance to a tRNA. To determine if elements comprising the ⌿ 3 3⌿ 2 domain are capable of simultaneous existence, a 3-D modeling protocol was employed involving initial prediction by RNA2D3D, followed by molecular modeling and MD simulation (18, 33, 40) . Several starting structures for the TCV model were used, with different positions of the bases not participating in the secondary structure base pairing. The ⌿ 3 3⌿ 2 region was predicted to stably fold into a single structural domain that is T-shaped (Fig.  4) . The two pseudoknots with H4a and H4b were predicted to coaxially stack, with the H5 helix folding perpendicularly to the stacked structure. Other tertiary contacts involved triple basepair formations in both ⌿ 2 and ⌿ 3 , which were disrupted over the course of the MD trajectory. Superimposing the predicted TCV structure onto a canonical tRNA revealed some tRNAlike topology in the H4b/H4a helix and in the lower portion of the H5 stem (Fig. 4D) . The upper stem-loop of H5, however, extends beyond the position of a tRNA anticodon loop. Using the TCV structure as a model, the CCFV analogous region was predicted by RNA2D3D to form a bent T-shaped structure (Fig. 4E) . The molecular modeling predictions thus support the substitution analyses that indicate that the region from ⌿ 3 3⌿ 2 is capable of forming a structural domain.
MD simulation performed on the 3-D TCV model shown in Fig. 4B and C (the ⌿ 3 3⌿ 2 region) indicated several intervals of differing stability. During the approximately first 12 to 13 ns, helix H5 moves as a relatively rigid structure. However, even early on, nucleotide C3994 begins to intermittently rotate out into the major groove, which can be seen in the graph of its dihedral angle relative to the preceding base G3993 (Fig. 5E ). Past the 13-ns point, rearrangements in the interactions in the central internal loop region of helix H5 lead to its distortions away from the helical form, and, past the 17.5-ns point, to the bending of the entire helix toward the 3Ј end of the modeled structure. Figure 5A and B illustrate such an early bent state, while ). Nucleotide G3993 is relatively, though not completely, rotationally stable, and thus, most of the change in the measured angle is due to C3994 movement, first at an angle to the major groove and then to the minor groove, and then through the solvent back into the major groove. The observed distortions of the H5 internal loop region and the resulting bending of the entire H5 helix follow the movements of this nucleotide. Stabilization of the angle past the approximately 38.0-ns point is due to C3994 forming multiple interactions with upstream nucleotides G3992 and G3993, which also marks the beginning of the return to the less-distorted and less-bent conformation of the H5 helix (Fig. 5E ). This dynamic behavior of C3994 corresponds with the results of in-line probing of fragment F4 in the presence and absence of ⌿ 1 (Fig. 2) , which showed that C3994 had enhanced susceptibility to cleavage compared with other residues in the H5 LSL. Additionally, the stability of the non-Watson-Crick base pair A3968-G4001, illustrated as a small symmetric internal loop in the TCV secondary structure drawings, showed it was a strong pair that maintained the helicity of H5 in the MD simulations.
JINRV does not contain similar functional domains in its 3 UTR. Japanese iris necrotic ring virus (JINRV) shares 55% pairwise sequence similarity across the genome with TCV, with VOL. 82, 2008 3Ј DOMAINS IN TCV 8713 50% sequence similarity in the 3Ј UTR. One possible structure for the 3Ј end of JINRV, based on the known structure of TCV and predictions by mFold, is shown in Fig. 6A . Compared with TCV elements, the JINRV Pr is more divergent than that of CCFV, with 12 possible paired bases and a dissimilar terminal loop, and Link1 is increased in length with little sequence similarity. The H5 LSL and upper stem-loop are nearly identical in JINRV and TCV, whereas the lower portion of the hairpins has little sequence similarity, and the lower internal loop in JINRV H5 is larger and asymmetric (Fig. 6B) . The sequence upstream of H5 is able to fold into a putative H4a and H4b, with Link2 being larger in comparison with TCV or CCFV (Fig. 6A) . The putative H4b in JINRV contains a shorter stem and loop than the comparable hairpin in TCV, and the conserved loop sequence is limited to "UGG. functional, substituting the JINRV 3Ј end for that of TCV did not produce detectable virus (data not shown). To determine if single JINRV elements can substitute for the comparable elements in TCV, putative H4a, H4b, H5, Link1, and Pr from JINRV were substituted for their counterparts in TCV and the chimeric viral RNAs were assayed for accumulation in protoplasts. JINRV H4a, which can maintain four of five ⌿ 3 base pairings, was poor at replacing the TCV sequence, with accumulation of JH4a at 16% of the wt TCV levels (Fig. 6C) . Replacement of the TCV Link1 sequence with the comparable region of JINRV reduced virus levels by 64%, which may reflect the altered location and sequence that would comprise ⌿ 2 . H4b and Pr were unable to substitute for the TCV sequences, with no detected accumulation of JH4b or JPr. JINRV H5 was a poor substitute, with JH5 accumulating to only 11% of that of the wt (Fig. 6C) . Substitutions of multiple elements, including JINRV versions of all the combinations described in Fig. 3 for CCFV, were uniformly detrimental with none accumulating to detectable levels in protoplasts (data not shown). This suggests that, unlike CCFV, JINRV elements either do not exist or are not forming similar functional domains, or the domains are not compatible with other cis-or trans-acting TCV factors necessary for replication and/or translation.
Symmetry and position of the H5 small internal loop are important for TCV accumulation. JINRV H5 substituted poorly for TCV H5 though the JINRV LSL and upper stemloop are nearly identical with those of TCV (Fig. 6B) . The H5 lower stem, however, differs substantially between TCV and JINRV, with the JINRV H5 lower stem having a larger and asymmetric internal loop. To determine the importance of specific residues or symmetry of the lower internal loop for TCV H5 function, mutations were engineered into this region in wt TCV and viral accumulation levels were measured in protoplasts. Replacing the A-G loop with C-U (H5/C-U) reduced TCV accumulation by only 17% (Fig. 7C) , suggesting and C3994: G(N1), G(C3Ј), C(C3Ј), and C(N3). Nucleotide G3993 is relatively stable, and most of the change in the angle is due to C3994 movement. The red line is the reference angle measured for the same atoms in an ideal RNA A-type helix (19.66°). Points above the line correspond (approximately, due to some G3993 movement) to the nucleotide C3994 pointing out into the major groove; points below the line indicate movement into the minor groove. Stabilization of the angle past the approximately 38.0-ns point is due to the interactions of C3994 with G3992 and G3993.
VOL. 82, 2008 3Ј DOMAINS IN TCV 8715
that the identities of non-Watson Crick residues are not critical in this portion of the hairpin. Closing the lower internal loop by replacing the A-G with G-U (H5/G-U) was more detrimental, reducing accumulation in protoplasts by 31%. To create asymmetry in the lower internal loop, the A-G was replaced with either C-⌬ or G-⌬, forming H5/C-⌬ and H5/G-⌬, respectively (Fig. 7A) . Accumulation of H5/C-⌬ and H5/G-⌬ in protoplasts was below the level of detection (Fig. 7C) , suggesting that symmetry in the lower stem is of critical importance for H5 function in TCV. To determine if second-site alterations that improve accumulation could be recovered in the region, transcripts of H5/ C-U, H5/G-U, H5/C-⌬, and H5/G-⌬ were inoculated onto turnip seedlings, and progeny at 20 days postinoculation were cloned and sequenced. Progeny of H5/C-U and H5/G-U maintained the alterations with no second-site changes within H5.
In contrast, six different second-site mutations were identified in H5 for H5/C-⌬ and H5/G-⌬ (Fig. 7B) . Four of the 16 H5/C-⌬ progeny clones sequenced contained an insertion of a uridylate opposite the bulged cytidylate, which would result in the well-tolerated C-U symmetrical bulge at this location (Fig.  7C ). An additional clone contained an adenylate-to-guanylate transition at position 4002 (H5/C-⌬A4002G). This new guanylate could pair with the bulged cytidylate, with a symmetrical loop restored by C4003 forming an interior loop with U3967 and C4004/C4005/U4006 pairing with the three guanylates in the H5 lower stem (Fig. 7B) . The third second-site alteration (U3967C) would disrupt an additional base pair adjacent to the bulged cytidylate.
Of the three second-site alterations associated with H5/G-⌬, two are predicted to reform a symmetrical lower loop. Three of 16 clones contained an adenylate inserted opposite the bulged guanylate, whereas 5 of 16 clones converted the cytidylate at 4003 to an adenylate. The latter alteration is predicted to generate a G-A pairing in the lower stem, with C4004/C4005/ U4006 forming canonical base pairs with G3964/G3965/G3966 (Fig. 7B) . The third alteration converted the GAAA tetraloop to GGAA. To assess if some of the second-site alterations were enhancing TCV accumulation, two mutants containing secondsite alterations predicted to reform a symmetrical lower loop were generated and tested for accumulation in protoplasts. H5/C-⌬A4002G accumulated to low but detectable levels (3% of the wt levels), whereas H5/G-⌬C4003A accumulated to 56% of the wt TCV levels. The greater compensatory effect of C4003A compared with that of A4002G suggests that placement of the loop within the lower stem of H5 may be an additional important feature of TCV H5.
DISCUSSION
The 3Ј UTRs of plant and animal RNA viruses were once thought to be exclusively dedicated to promoting complementary strand synthesis. However, an increasing number of studies report the presence of 3Ј elements unrelated to poly(A) tails that are required for or enhance the translation of viruses with and without 5Ј methylguanosine nucleotide caps (7, 8) . Antagonistic processes such as translation and replication can be controlled by the dynamic nature of RNA, which allows for conformational transitions producing different structural folds to promote particular activities (27) . Genetic assays that employ mutagenic approaches to disrupt and reform putative structures can confirm the existence of particular elements but do not reveal which elements functionally coexist. Biochemical structure probing provides a "snapshot" of the structure of an in vitro-generated RNA. However, since RNA can assume multiple intermediate states with similar stabilities when transitioning between alternative, biologically relevant conformations (16, 27, 47) , it is difficult to determine if an RNA fragment is assuming a functional, productive conformation or one that is not valid due to the absence of interactive elements or the trapping of intermediates during folding. The use of RNA fragments to assess the efficiency of transcription in vitro can also provide misleading information regarding the importance of particular sequences, especially if the loss of interacting sequences causes a conformational switch from a nonactive to an active form (43) .
Addressing these concerns requires additional approaches to identify elements in RNA viruses that coexist and interact to form functional domains. Our approach consisted of first mapping additional secondary and tertiary structures in the 3Ј UTR region of TCV, followed by exchanges of structures and intervening sequences with those of related carmoviruses. The following four elements in TCV were identified or verified in this report: the juxtaposed hairpins H4a and H4b; ⌿ 3 , which links the terminal loop of H4a with upstream flanking sequences; and ⌿ 2 , which bridges the terminal loop of H4b and sequence flanking the 3Ј side of H5. We recently found that ⌿ 3 does not form or has no importance in untranslated satC (R. Guo, J. Zhang, and A. E. Simon, unpublished data). However, the region flanking H4a in satC (the DR) is important for accumulation in vivo, a result that correlates with a role for the DR in the conformational switch activating satC templates in vitro (43) .
In-line probing of fragment F4 produced cleavages on the 5Ј side of the lower stem of H5 (Fig. 2) . The absence of cleavages in all but one of the residues on the 3Ј side of the phylogenetically conserved lower stem suggests that the 3Ј side bases are not paired with the 5Ј side in the F4 fragment. Elimination of ⌿ 1 (F4-m18) abolished the strong cleavage site at position C4005, possibly due to the relief of torsional stress. However, absence of the pseudoknot did not affect the remaining cleavages in the lower H5 stem, showing that their presence is unrelated to ⌿ 1 . The absence of ⌿ 1 enhanced cleavages in the 5Ј side of the LSL in F4-m18 (Fig. 2) , suggesting that these residues participate in ⌿ 1 , possibly through triple base-pair interactions. The phylogenetically conserved H5 structure (42) is also absent from the satC preactive structure (43), though genetic selection (SELEX) of the complete satC lower H5 stem indicated that pairing in this region is important (44) . Therefore, complete formation of H5 in TCV is likely occurring in another conformer that is necessary for viral replication.
Of the known carmoviruses, only CCFV and JINRV have 3Ј UTR regions that have the capacity to form all or nearly all of the TCV-like hairpins and pseudoknots. Substitution of comparable single elements from CCFV into TCV revealed that only TCV containing CCFV H4b (CH4b) and Pr (CPr) maintained at least 50% of its normal accumulation in protoplasts (Fig. 3B) . While substitutions of some combinations of elements reduced TCV levels further than any of the single exchanges (e.g., CH4a/H5 and CH5/Link1), several combinations enhanced accumulation over single-element replacements, suggesting the existence of a modular, cointeracting function (Fig. 3) . For example, substitution of both H4a and H4b (CH4a/CH4b) enhanced accumulation by 2.2-fold compared with substitution of H4a alone (CH4a), similar to the finding for substitutions of CCFV H4a and H4b in satC (45) . Since the H4a/H4b module is important for both TCV and untranslated satC, an unknown interaction between these two hairpins, or between their sequences in an alternative conformation, may be important for replication. Surprisingly, altering one additional residue (position 3914) from the TCV uridylate to the CCFV cytidylate (C⌿ 3 3CH4b) enhanced the accumulation of CH4a/H4b by threefold (Fig. 3B ). This residue is located at the edge of ⌿ 3 , eliminating a possible A ⅐ U pair, and converted the DR to the satC-equivalent sequence (CGGCGG). The reason that C⌿ 3 3CH4b accumulates efficiently is unknown, and we are currently determining if the residue at position 3914 influences the function of H4a or H4b individually.
A larger functional module appears to form from elements encompassed by ⌿ 3 3⌿ 2 . Substitution of the region between H4a and H5 (CH4a3CH5) was poorly tolerated, with accu-mulation of the chimeric TCV reaching only 13% of that of the wt, similar to the accumulation level of virus containing only CCFV H5 (14% of the wt level) (Fig. 3B) . When three CCFV residues just upstream and downstream of the region were included in the construct, accumulation reached 65% of that of the wt, suggesting a more functional H5 was now present. Compared with CH4a3CH5, inclusion of these additional residues would not discernibly alter the stability of ⌿ 3 , but would alter ⌿ 2 by eliminating one A ⅐ U pair and converting a G ⅐ U pair to an A ⅐ U pair. Which of the three residues (or if all three) enhance the interactive function of the ⌿ 3 3⌿ 2 region is currently unknown.
Subjecting the ⌿ 3 3⌿ 2 region in TCV to the RNA2D3D modeling protocol revealed the possible formation of a highly stable, T-shaped structural domain with two flanking pseudoknots. A similar structure with a bent H5 was also predicted for the analogous region of CCFV, supporting our substitution results that this region forms a functional module. The complete 3Ј end of CCFV (3Ј-CCFV) was also fully functional when substituted, in contrast to substituting CCFV H533Ј end, which did not lead to detectable accumulation. These results suggest a critical interaction is required between elements in the two regions, such as connecting H5 with 5Ј and 3Ј elements that together form the T-shaped structure.
C3994 was particularly susceptible to cleavage in F4 and F4-m18. This suggested that in the presence or absence of ⌿ 1 , C3994 is more dynamic than surrounding nucleotides, allowing it to more readily assume the in-line conformation required for cleavage. This result was predicted by the MD simulation of the predicted 100-nt T-shaped structure, which revealed unique 360°flexibility in C3994 that correlated with movement of the H5 helix toward the 3Ј end of the modeled TCV fragment. The bending of the H5 helix toward the 3Ј end did not require ⌿ 1 but may facilitate its formation in the full 3Ј-terminal region of TCV (Fig. 1B) . Previous mutagenesis of C3994 (to a guanylate) (46) revealed a 14-fold decrease in TCV accumulation, compared with only a threefold decrease in TCV levels when its presumptive ⌿ 1 partner residue (G4001) was altered to a cytidylate. TCV with the combined mutations achieved only 50% of the wt levels, suggesting a requirement for particular nucleotides at one of both locations. satC did not accumulate to detectable levels with the identical single and compensatory mutations (42) , which may reflect different requirements in the usage of H5, since satC is not predicted to form a T-shaped structure in this region (Y. Yingling, B. Shapiro and A. Simon, unpublished data).
TCV with JINRV H5 (JH5) was poorly functional (11% of that of the wt), despite an identical sequence in the LSL and the presence of a similar GNRA tetraloop (Fig. 7C) . The major differences between TCV H5 and JINRV H5 are in the lower stem, which contains an asymmetric internal loop in JINRV H5 and a symmetrical loop in TCV and CCFV H5. The poor viability of TCV containing an asymmetric lower loop in its H5, and the enhanced accumulation of TCV that reestablishes symmetry through second site alterations, suggest that a symmetrical lower loop is critical for H5 function in TCV. This difference between TCV and JINRV H5 may reflect the participation of TCV H5 in the ⌿ 3 3⌿ 2 domain, which does not appear to be present in JINRV.
A recent report suggested that TCV H5 and Pr were fully functional in HCRSV if substituted together (37) . The same substitutions of CCFV hairpins into TCV allowed accumulation to only 23% of that of the wt. While this value was greater than substitution of H5 alone (14% of that of the wt), the effect was far less than the substitutions into HCRSV. We also previously demonstrated that CCFV H5 and Pr do not form a functional unit in satC (45) . The HCRSV sequence upstream of H5 is very pyrimidine rich, with no possibility of forming H4a or H4b. Therefore, TCV H5 and Pr may be capable of efficiently replacing the HCRSV hairpins when added in tandem because H5 is not part of a comparable functional domain with upstream elements in HCRSV. Recently, Li and Wong (17) reported that TCV mutants containing deletions in the 3Ј UTR accumulated at or near wt levels in Arabidopsis protoplasts, including extensive deletions that removed nearly all of the 3Ј UTR (except the Pr) or substantially altered the structure of the Pr. These results contradict our current results, as well as three previous reports not cited by Li and Wong (4, 19, 46) . We therefore have no explanation for the variant results reported by Li and Wong (17) .
In conclusion, we have identified a novel 100-nt structural domain composed of three hairpins and two pseudoknots that is predicted to fold into a T-shaped structure. Interestingly, this region was recently found to be part of the TCV 3Ј translational enhancer and binds to 60S ribosomal subunits (V. Stupina, A. Meskauskas, J. McCormack, J. Dinman, B. Shapiro, and A. Simon, submitted for publication). We are continuing to examine how this element interacts with surrounding sequences and how viruses in the same genus perform similar functions in the apparent absence of comparable contiguous elements.
